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Abstract

High-speed rail (HSR) makes a significant contribution to green innovation (GI), thereby
supporting high-quality economic development. However, prior studies have mainly
focused on the impact of HSR on regional innovation, ignored the influence on GI from
the micro perspective, as well as the mechanism through which HSR affect GI. Using the
data from manufacturing companies listed in Shanghai and Shenzhen stock exchanges
during the period of 2004 to 2023, we treat HSR as a quasi-natural experiment and employ
a multi-period difference-in-difference (DID) approach to explore the effect of HSR on
GI. The regression results are presented as follows. (1) HSR significantly enhances GI in
enterprises, and the results still hold after several robust checks. (2) HSR has a greater
impact on the improvement of GI in lightly polluting SOEs of developed cities. (3) The
mechanism by which HSR can improve Gl is to promote the mobility of talent and alleviate
financing constraints faced by enterprises. The policy recommendation is to focus on the
heterogenous effect on GI in enterprises to promote the ability of sustainable development.

Keywords: high-speed railways; green innovation; manufacturing industries; financing
constraints

1. Introduction

With the acceleration of global climate governance and the sustainable development
agenda, research on the green innovation (GI) of enterprise is receiving increasing attention.
Gl is an innovative activity that reduces the negative impact of human activities on the
ecological environment while improving resource utilization efficiency. In China specifically,
coal consumption reached 4.48 billion tons in 2022, accounting for 56% of total energy
consumption(The data sources from National Bureau of Statistics website, https:/ /data.
stats.gov.cn/easyquery.htm?cn=C01 (accessed on 18th October 2025), which has brought
severe environmental issues, and thereby forced enterprises to shift toward green and
low-carbon development. In the era of Industry 4.0., Gl is regarded as a critical catalyst for
sustainable development [1], and thus enterprises are encouraged to improve their GI.

The determinants of innovation have been a hot topic among scholars given that
innovation is of great significance to the competitiveness of enterprises and economic
growth [2—4]. As asserted in the literature, environmental regulatory pressures [5,6], for-
eign trade activities [7,8], R&D activities [9], enterprise size [10], and the characteristics of
executives [11] affect GI. In addition, a stream of studies have agreed that the mobility of
innovative factors [12,13] and further induced agglomeration [14-16] contribute to inno-
vation. Notably, these factors are restricted by distance, which is closely associated with
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transportation infrastructure, especially HSR. As defined, HSR has been widely recognized
as an innovative mode of transportation, with its technology playing a significant role in
resource allocation and operational performance [17,18]. In addition, the most obvious ad-
vantage of HSR is its high speed. The designed speed of China’s HSR ranges from 250 km/h
to 350 km/h, which is approximately 5-7 times that of conventional railways. Thus, HSR
generates a “spatio-temporal compression” effect and greatly improves accessibility [19-22],
further improving the mobility of talent [21,23].

In light of this, there has been extensive study on the relationship between transporta-
tion infrastructure and innovation. For instance, Zeng et al. (2025) found that transportation
infrastructure enhanced the quantity and quality of corporate innovation by affecting mar-
ket integration [24]. Mao et al. (2024) provided evidence that transportation infrastructure
facilitated innovation output through knowledge spillover [25]. Cui and Tang (2023) con-
ducted an empirical study in various provinces in China and found that transportation
infrastructure has a significant positive effect on innovation capability [26]. In addition,
with the opening of China—-Europe Railway Express, attention has turned to the effect of
international railway corridors [27,28].

Overall, to the best of our knowledge, the studies regarding the impact of HSR on GI
have been insufficient. On the one hand, a strain of studies examined the economic and
environmental effect of HSR by using GI as a mechanism variable, focusing on elements
such as carbon emissions, green productivity, enterprise’s inventory, and so on, while
research on the relationship between HSR and GI has been rarely discussed, except for
several studies investigating the impact of HSR on GI efficiency or GI output [29,30]. On
the other hand, the existing studies mainly focus on regional GI [31-33], while the research
from the perspective of micro-enterprises is limited.

The large-scale development of HSR in China provides a unique context for this study.
In 2004, the “Medium- and Long-Term Railway Network Plan” (hereafter referred to as
the “Plan”) was elaborated by the State Council. The main goal of this plan is to complete
four vertical (north—-south) and four horizontal (east-west) corridors—known as the “4 + 4”
network—by the end of 2020, and expand the HSR network to 16,000 km. In 2008, the first
HSR system was put into operation. Since then, the HSR program has been accelerated to
stimulate the economy. In 2016, the Plan (2016-2030) further outlined a more ambitious
blueprint for HSR, with eight vertical and eight horizontal corridors (referred to as the
“8 + 8” network), realizing a 1-4 h transportation circle between adjacent cities, and a
0.5-2 h transportation circle within urban agglomerations. In 2020, the National Railway
Corporation (NRC) released its latest plan, announcing that by 2035, the length of the HSR
network will be expanded to 70,000 km.

Therefore, the purpose of our paper is to explore the effect of HSR on enterprise GI;
that is, we aim to analyze whether HSR has a positive or negative impact on enterprise
GIL Which types of enterprise gain most benefits from the opening of HSR? And which
mechanism does HSR use to affect enterprise GI? To solve the above questions, this study
treats HSR as a quasi-natural experiment and employs a multi-period DID approach to
explore the heterogeneous effect of HSR on GI in manufacturing companies from 2004 to
2023. The main regression results are presented as follows. (1) HSR significantly improves
the level of GI in enterprises, and the results still hold after several robust checks. (2) There
exists a significant heterogeneity in different enterprises and cities with regard to ownership,
pollution intensity, and economic development. (3) The mechanism by which HSR can
improve GI is by promoting the mobility of talent and alleviating financing constraints
faced by enterprises.

The contributions of this study are threefold. Firstly, the remarkable development
of both HSR and innovation output experienced in recent years in China offers a unique
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context for this study. Thus, our study adds to the increasing body of literature on the
impact of HSR on enterprise GI from the micro-perspective. Secondly, it advances the
understanding of the channels through which HSR can affect GI. Prior studies have explored
the mechanisms through agglomeration and factor mobility, while this study also finds
that HSR alleviates the financing constraints of enterprise and further enhance GI. Thus,
this study provides a reference for China’s policy-makers to enhance the level of GI in
enterprises. Thirdly, GI is a crucial driving force for the sustainable development of
enterprises. Considering the fact that several countries have opened HSR systems, our
study sheds light on the innovative development of other countries.

The remainder of this paper is organized as follows. Section 2 provides the theoretical
analysis and proposes our hypothesis. In Section 3, we present the methodology and
data source. Section 4 presents the empirical results and Section 5 is the conclusions and
policy implications.

2. Theoretical Analysis and Research Hypotheses
2.1. High-Speed Railway, the Mobility of Human Capital, and Green Innovation

The development of HSR has significantly reduced transportation costs [34] and fur-
ther reshaped economic geography [35,36]. In particular, the agglomeration and mobility of
human capital is one of the critical factors affecting GI, and HSR speeds up the process [37].

Firstly, human capital has innovation awareness [38], while the distribution of human
capital is uneven across cities. HSR contributes to the redistribution of human capital
and accelerates the capital factor flows from large cities to small cities through a synergy
effect [39,40]. Accordingly, human capital quickly adapts to new environments, actively
explores innovative methods, and thus increases the development of GI [41].

Secondly, HSR improves the mobility of human capital, leading to the sharing and
exchange of knowledge, information, and technology, and further facilitating knowledge
spillover and technology spillover [38]. This diffusion occurs mainly via three effects,
namely the “learning effect”, “communication effect”, and “imitation effect” [29]. Moreover,
the spillover effects are intensified and widened by the expansion of HSR. Thus, the
improvement of GI may occur.

Thirdly, HSR contributes to the development of innovative networks. For example,
HSR promotes research collaboration of scholars across cities [42], involving the cooperation
among the original partners and the cooperation among original unfamiliar scholars [43].
Consequently, the interaction of researchers would produce the positive externalities [16],
which have an impact on GI.

Thus, Hypothesis 1 is proposed:

Hypothesis 1. HSR improves GI by promoting the mobility of human capital.

2.2. High-Speed Railway, Financing Constraints, and Green Innovation

GI usually occurs alongside increasing R&D activity, and thus has a high demand for
capital [25], especially for venture capital, which is associated with geographical proximity.
With the large-scale construction of an HSR network, HSR shortens traveling time and
transportation costs, which may alleviate the financing problems faced by enterprises, such
as high financing costs and information asymmetry issues.

In particular, spatial distance exerts certain information costs and transaction costs,
which are generated by information asymmetry. For instance, information collection,
communication, and supervision are more difficult as the distance increases. Brown
et al. (2009) found that a lack of transparency regarding information makes it difficult for
investors to evaluate the value of these projects in the innovation process [44], increasing the
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financial constraints of enterprises. Mao et al. (2024) argued that R&D outputs have inherent
uncertainty, making it difficult to effectively monitor the level of effort of innovators [25].
In light of this, adverse selection and moral hazard emerge in the process of financing for
GI, which force investors to pursue a high-risk premium, and have a negative impact on
financing efficiency.

However, HSR greatly improves accessibility, thereby expanding the market radi-
ation radius and broadening the financing channel. On the other hand, HSR facilitates
face-to-face communication and further reduces information costs and regulatory costs.
Furthermore, more capital and financial institutions are attracted to the local market due to
the enhancement of infrastructure, improving the financing environment.

Thus, we propose Hypothesis 2, based on the analysis above:

Hypothesis 2. HSR improves GI by alleviating financing constraints of enterprises.

3. Methodology and Data
3.1. DID Model

In this study, we adopt the DID approach to explore the impact of HSR on GI, which
is used to evaluate the treatment effect of policy shock. Notably, the opening time for HSR
is continuous; thus, a multi-period DID model is adopted. Specifically, dummy variables
are generated for whether a city has HSR or not (treatment group and control group) [45].

According to the abovementioned analysis, Equation (1), with two-way fixed-effects,
is presented as follows:

Glity1 = Bo+ B1DID;; + BControls + p; + ut + € 1)

where GI; ;11 is the level of green innovation for firm i in year t + 1. DID;; is a dummy
variable. If DID;; = 1, this means that the city where the firm i is located has opened
an HSR service during the sample period; otherwise, it is 0. The interaction term is our
research object, which indicates the net effect of a policy on a firm’s GI. Controls are a set
of firm-level control variables that might affect GI. p; and u; represent the industry-fixed
effect and time-fixed effect, respectively. ¢; ; is the random term.

3.2. Variables and Data

The data in this study come from two aspects, that is, HSR data of prefecture-level
cities, and listed manufacturing enterprise data. Specifically, HSR data are mainly collected
from the China Railway Passenger Train Timetable (2003-2020), and the firm-level data are
from the China Stock Market and Accounting Research (CSMAR) database.

We further processed the sample as follows. (1) When matching HSR data with
enterprise data, we use the operational location of the enterprise instead of its registered
location. For enterprises with more than one operational location, we choose the first
operational location. (2) The green patent is considered to be the number of patents for the
next year if the application time for green patents is after 30 June, while the green patent is
deemed to be the number of patents for that year if the application time for green patents is
before 30 June. (3) The opening time of HSR in a city is defined as the next year if HSR is
put into operation after 30 June of that year and the HSR deemed to be opened in that year
if HSR is put in service before 30 June of that year. (4) We exclude data from enterprises that
have been listed for less than a year, as well as data from enterprises with a book-to-market
ratio less than zero, and data of critical independent variables with missing values.

Overall, the data covers a period of 20 years from 2004 to 2023. The definition and
summary statistics are presented in Table 1.
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Table 1. The definition and summary statistics.
Symbols Variables Definition Observations Mean SD
GI Greeninnovation ~ Natural logarithm of the application 26,339 0280  0.630
number of green patents plus 1
A dummy variable taking the value 1
DID Dummy (open HSR) or 0 (other cases) 26,339 0.330 0.470
Size Firm scale Natural logarithm of tofal assets 26339 22000 1110
of enterprise
Age Firm age Natural logarithm of age plus 1 26,339 2.060 0.740
ROA Return on assets The ratio of net profit to total assets 26,339 0.040 0.060
The ratio of the residual value of
TAR Tangible asset ratio ~,_(OtaL assets minus the sum of net 26,339 0940  0.070
intangible assets and net goodwill to
the total assets
. . The sum of the shareholding ratios of
Top Shareholding ratio the top ten shareholders 26,339 57.000 14.020
RD_P M"blhct;’p‘i’tf:l‘uma“ The number of R&D personnel 16,813 5600 1120
KZ Financing constraints KZ index 26,339 1.440 2.770
1 GI = In(IP + UMP + DP + 1), where IP is invention patents, UMP is utility model patents, and DP is de-
sign patents.
4. Empirical Analysis
4.1. Baseline Regression
The data are Winsorized for the full sample of 1% and 99% to eliminate the outliers,
and baseline results are listed in Table 2. Column (1) to (3) present the different model
specification without control variables, while column (4) to (6) are obtained by increasing
the main control variables, respectively. The core independent variable is DID, and its
coefficient is significantly positive in all models, indicating that the enterprise’s GI is
improved by the opening of HSR. It should be highlighted that the opening of HSR
could enhance corporate green innovation levels by 6.02%, as seen in column (6). Thus,
Hypothesis 1 is verified.
Table 2. Baseline results.
Variables @ 2 3) @ (5 (3]
DID 0.0971 *** 0.0923 *** 0.0693 *** 0.0951 *** 0.0836 *** 0.0602 ***
(3.1460) (3.2210) (3.2524) (2.6811) (2.6743) (2.8162)
Size 0.1298 *** 0.1159 *** 0.1326 ***
(11.7004) (10.9291) (11.9902)
Age —0.1264 *** —0.0953 *** —0.0941 ***
(—6.9487) (—6.1508) (—6.3742)
ROA 0.0438 0.2457 ** 0.1640
(0.3631) (2.1053) (1.4877)
TAR 0.3462 *** 0.2501 *** 0.4685 ***
(3.9161) (2.7864) (5.4503)
Top —0.0020 ** —0.0016 ** —0.0021 ***
(—2.3528) (—2.3925) (—2.8432)
Constant 0.2545 *** 0.2561 *** 0.2638 *** —2.5539 *** —2.245] *** —2.7804 ***
(18.4409) (21.4243) (24.7975) (—9.4007) (—8.8165) (—11.0222)
Industry No Yes Yes No Yes Yes
Year No No Yes No No Yes
Observations 21,761 21,760 21,760 21,761 21,760 21,760
R-squared 0.0054 0.0658 0.1314 0.0477 0.0961 0.1697

Note: The model controls for both industry and year fixed effects, further incorporating city-level clustering into
the regression analysis. Robust t-statistics are in parentheses and ** and *** denote significance at the 5%, and 1%
levels, respectively.
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The influence of main control variables is summaries as follows. From column (6),
the significantly negative coefficient of Age and Top indicates that enterprise with low
ownership concentration and start-ups have more efficient GI output. The coefficient of
Size and TAR are significantly positive, indicating that the enterprise with a large-scale,
high tangible asset ratio, high operating debt ratio, and high operating efficiency of assets
has a higher level of GL

4.2. Parallel Trend Test

The DID model assumes that the treatment group and control group have a parallel
trend. Thus, referring to the method of Jacobson et al. (1993) [46], we carry out the parallel
trend test using the event study method.

Figure 1 presents the results of the regression coefficient. It is obvious that the coef-
ficient of HSR is not significant in the 8 years before the enterprise is connected to HSR,
while the regression coefficient is larger and statistically significant after the opening of
HSR. Thus, the parallel trend assumption holds.
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Figure 1. Parallel trend test. Note: The regression is performed with two-way fixed effects by
containing main control variables. The y-axis is the regression coefficient of HSR, and the x-axis is
the year before and after opening HSR. We use the high-speed rail opening date as the base period,
constructing a relative time variable. —1 denotes the year prior to high-speed rail opening, 0 denotes
the opening year, and 1 denotes the year following opening. The time window spans from 8 years
prior to opening to 8 years thereafter, encompassing 17 observation periods. The pre-specified joint
test yields a p-value of 0.116 (>0.1), satisfying the parallel trends assumption. Specific coefficient
estimates indicate that the regression coefficients for the 8 periods preceding the policy (—8 to —1) are
0.0253, —0.0123, —0.0383, 0.0065, —0.0102, —0.0140, 0.0254, and 0.0277. The dashed line represents the
confidence interval, reflecting whether an estimated coefficient is significant. If the interval includes
zero, the coefficient is not significant; otherwise, it is significant.

4.3. Robustness Check

To assess the robustness of the findings presented in Table 2, we employ multiple
robustness checks, with the detailed results reported in Table 3.

Propensity Score Matching method (PSM): The selection of the location of a HSR is
not a completely random event, and is usually affected by human factors, economic factors,
and political factors [47,48]. Thus, the traditional DID model may cause biased results due
to the self-selection issue [49]. The PSM method, matching the data first and then regressing
the model using the DID approach, is usually adopted to solve this issue. The estimated
regression results are shown in column (1). The coefficient of DID is 0.0621 and significant,
indicating that HSR enhances the level of GI, thus verifying that the results are robust.
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Change independent variables: We also add two control variables to verify the robust-
ness of baseline results, namely, the operating debt ratio (ODR) and operating efficiency of
assets (AE). The regressed results are listed in column (2), and the significantly positive
coefficient of DID indicates that HSR enhances the level of GI.

Lag periods of dependent variable: There exists a lagged effect of HSR on the number
of invention patents [50]; thus, we examine the long-term impact of HSR on GI by lagging
the dependent variable by two periods. The corresponding results are listed in column (3).
The coefficient is 0.0649 and statistically significant, supporting the suggestion that HSR
can effectively contribute to GI improvement.

Table 3. The results of robustness test.

Variables 1) 2) 3) 4) (5) (6)
DID 0.0621 ** 0.0584 *** 0.0649 *** 0.0411 ** 0.1916 *** 0.0604 ***
(2.5444) (2.8178) (2.9365) (2.0471) (3.3979) (2.8193)
Size 0.1248 *** 0.1197 *** 0.1372 *** 0.1250 *** 0.4158 *** 0.1328 ***
(9.6204) (11.6063) (11.8472) (12.5915) (13.7900) (11.9814)
Age —0.0916 *** —0.1073 *** —0.0965 *** —0.0875 *** —0.3286 *** —0.0944 ***
(—6.0669) (—8.1794) (—6.4328) (—5.1922) (—7.3512) (—6.3648)
ROA 0.1745 0.2206 * 0.3199 *** 0.1649 * 1.6367 *** 0.1627
(1.0896) (1.9407) (3.1385) (1.6627) (3.8554) (1.4721)
TAR 0.6025 *** 0.4117 *** 0.4361 *** 0.4640 *** 1.5401 *** 0.4681 ***
(5.9041) (4.7016) (5.1299) (4.9387) (4.6248) (5.4251)
Top —0.0020 ** —0.0025 *** —0.0020 *** —0.0022 *** —0.0077 *** —0.0021 ***
(—2.3839) (—3.0936) (—2.9258) (—2.6731) (—3.5103) (—2.8231)
ODR 0.3736 ***
(4.2687)
AE 0.0394
(1.3418)
GDP 0.0147
(0.5898)
Constant —2.7464 *** —2.5477 *** —2.8458 *** —2.6085 *** —10.9559 *** —2.7830 ***
(—8.4982) (—10.4597) (—10.7171) (—10.8685) (—13.6043) (—11.0206)
Industry Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes
Observations 10,237 20,502 18,738 21,472 21,761 21,692
R—squared 0.1729 0.1741 0.1719 0.1245 0.1991 0.1696

Note: The model controls for both industry and year fixed effects, further incorporating city-level clustering into
the regression analysis. Robust t-statistics are in parentheses and *, **, and *** denote significance at the 10%, 5%,
and 1% levels, respectively. Column (5) is pseudo-R?, while the other is the adjusted R*.

Replace GI variable.: To validate the robustness of results, we excluded the number of
design patents from GI. The results are presented in column (4). The statistically significant
and positive coefficient is 0.0411, implying that the conclusion that HSR enhances GI holds.

Change model specification: Two different models are used, and the first is the Poisson
Pseudo-Maximum Likelihood with Fixed Effects (PPML-FE) specification, given that the
dependent variable is discrete. The results are listed in column (5) of Table 3, and it can be
seen that the coefficient of DID (0.1916) is significantly positive, larger than the baseline re-
sults of column (6) in Table 2. The second methodology considers the weight heterogeneity
in multi-period DID methodology. Due to the standard DID with two-way fixed effects
potentially producing estimation bias when policy shock exerts heterogeneous effects on
different individuals, we perform dynamic effect testing referring to Sun and Abraham
(2021) [51], and the corresponding results are shown in Appendix A. After applying the
S-A statistic to estimate and address treatment effect heterogeneity, the dynamic effects are
found to be consistent with the existing trends. Thus, the conclusion that HSR contributes
to Gl is not affected by the model specification.
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Change the sample: We also excluded enterprises with multiple operating locations,
and the results are shown in column (6). The coefficient of DID is 0.1916, which is significant
at 1% level. Thus, the results of our baseline model are robust.

4.4. Test on the Mechanism

So far, the positive effect of HSR on GI has been verified. In this section, we will
examine the mechanism of the impact of HSR on GI by two-step regression methodology,
which is described as two steps.

In step 1, we first regress the DID with the mechanism variable, and further check
whether the coefficient of DID is significant. If significant, we continue to the next steps;
otherwise, we stop the analysis. In step 2, we then put the DID and the mechanism variable
into the model where the dependent variable is GI. If the coefficient of the mechanism
variable passes the significance test, it indicates that HSR affects GI through this mechanism.

As shown in Table 4, the core coefficients in column (1) and (2) are 0.0799 and 0.0765,
respectively. Both of them are significantly positive, indicating that HSR improves GI
by promoting the mobility of talent. Similarly, column (3) and (4) display the results
of testing the role of financing constraints in the two-step regression. The significantly
negative coefficients imply that HSR improves GI by alleviating the financing constraints
of enterprises.

Thus, the overall results verify Hypothesis 2.

Table 4. Two-step regression results.

Variables @ ) 3) 4)
DID 0.0799 * 0.0523 ** —0.2212 *** 0.0592 ***
(1.7412) (2.0965) (—4.4985) (2.7719)
RD_P 0.0765 ***
(5.3933)
KZ —0.0050 *
(—1.9418)
Size 0.7161 *** 0.0643 *** 0.0735 *** 0.1331 ***
(35.6010) (5.2665) (2.9764) (12.0803)
Age —0.1075 ** —0.0732 *** 0.4897 *** —0.0917 ***
(—2.4943) (—4.5893) (13.9469) (—6.2065)
ROA 2.7720 *** 0.1091 —21.0905 *** 0.0587
(12.0476) (0.9596) (—49.6348) (0.4962)
TAR —0.1834 0.4786 *** —0.9414 *** 0.4633 ***
(—1.0500) (5.0452) (—3.5377) (5.4025)
Top —0.0003 —0.0020 *** —0.0141 *** —0.0022 ***
(—0.2040) (—2.8834) (—7.2788) (—2.9143)
Constant —9.8577 *** —1.7610 *** 1.3273 ** —2.7751 ***
(—24.5434) (—6.5547) (2.2742) (—10.9658)
Industry Yes Yes Yes Yes
Year Yes Yes Yes Yes
Observations 12,701 12,701 26,338 21,760
R-squared 0.5434 0.1933 0.5657 0.1699

Note: The model controls for both industry and year fixed effects, further incorporating city-level clustering into
the regression analysis. Referring to the method of Yang et al. (2022) [45], the mobility of talent in this study is
replaced with the number of R&D personnel, and referring Kaplan and Zingales (1997) [52], we construct a KZ
index to measure the level of financing constraints. Robust t-statistics are in parentheses and *, **, and *** denote
significance at the 10%, 5%, and 1% levels, respectively.

4.5. Heterogeneity Analysis
4.5.1. Ownership Heterogeneity Analysis

To explore whether enterprise ownership has a heterogeneous effect on the promotion
of GI by HSR, we divide the sample into two categories, namely, state-owned enterprises
(SOEs) and non-state-owned enterprises (N-SOEs). The estimated results are listed in
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column (1) and (2) in Table 5. Both of the coefficients of DID are positive and pass the
significance test at the level of 1%. In addition, the coefficient of DID in SOEs is larger than
that in N-SOEs, which is consistent with [53].

Table 5. Heterogenous results.

Variables (1) (2 3) @ (5) (6)
DID 0.1203 *** 0.0487 0.0833 ** 0.0235 0.0208 0.0758 ***
(3.2288) (1.5331) (2.5885) (0.8299) (0.6143) (3.0996)
Size 0.1672 *** 0.0994 *** 0.1291 *** 0.1635 *** 0.1240 *** 0.1354 ***
(9.2016) (8.2233) (8.0930) (9.3979) (6.1198) (8.9462)
Age —0.1476 *** —0.0921 *** —0.1217 *** —0.0805 *** —0.0666 *** —0.1043 ***
(—5.1002) (—5.0270) (—5.5534) (—4.0074) (—3.1122) (—6.0456)
ROA 0.0796 0.3283 *** 0.2428 0.2498 0.3142 % 0.0727
(0.4085) (2.6373) (1.3101) (1.3960) (1.7489) (0.5191)
TAR 0.5075 *** 0.3544 *** 0.4743 *** 0.5359 *** 0.5027 *** 0.4647 ***
(2.8437) (3.4190) (3.4480) (3.9850) (3.0170) (4.5476)
Top —0.0034 *** —0.0019 * —0.0030 ** —0.0019 ** —0.0009 —0.0026 ***
(—3.6954) (—1.9153) (—1.9795) (—2.4283) (—0.9359) (—2.7407)
Constant —3.3643 *** —1.9936 *** —2.5643 *** —3.5487 *** —2.7884 *** —2.7722
(—7.4474) (—6.6634) (—7.2652) (—8.4733) (—6.0529) (—8.1765)
Industry Yes Yes Yes Yes Yes Yes
Year Yes Yes Yes Yes Yes Yes
Observations 7734 14,023 9341 9081 6631 15,127
R-squared 0.2193 0.1604 0.1641 0.1694 0.1760 0.1763

Note: The model controls for both industry and year fixed effects, further incorporating city-level clustering into
the regression analysis. Robust t-statistics are in parentheses and *, **, and *** denote significance at the 10%, 5%,
and 1% levels, respectively.

4.5.2. City Heterogeneity Analysis

In China, there is a large difference in economic development between regions; thus,
we further explore the impact of HSR on Gl in different cities. We use the annual per capita
GDP as an indicator to measure the level of economic development and use the dynamic
grouping adjustment method to divide cities into developed cities and undeveloped cities.
Specifically, the per capita GDP data of each region are sorted and grouped every year;
thus, cities with per capita GDP below the average are classified as undeveloped cities and
cities with per capita GDP above the average are classified as developed cities. Columns
(3) and (4) show the regression results. It can be seen that HSR improves GI in developed
cities and undeveloped cities. In addition, the coefficient of DID in column (3) is greater
than in column (4), which indicates that enterprises located in cities with a high level of
economic development have seen a greater improvement in GI after the opening of HSR.

4.5.3. Pollution Intensity Heterogeneity Analysis

According to the secondary industry classification in the Guidelines for Industry
Classification of Listed Companies, revised by the China Securities Regulatory Commission
in 2012, we classify the manufacturing industries into heavily polluting industries and
lightly polluting industries. The results are presented in column (5) and (6). Specially, the
coefficient of DID in lightly polluting industries is positive and passes the significance
threshold at the 1% level, while the corresponding coefficient in heavily polluting industries
is insignificant. A possible reason for this is that highly polluting enterprises are often
located in peripherical cities, and HSR may accelerate the flow of talent to tertiary industries
in developed areas, exacerbating the loss of innovative resources for these enterprises.
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5. Conclusions and Policy Implications
5.1. Conclusions

A substantial number of studies on the economic and environmental consequences of
HSR have neglected the impact of HSR on GI, especially from the micro-perspective. Thus,
we used a multi-period DID method to explore the effect of HSR on GI by using the data of
manufacturing companies from 2004 to 2023.

The main empirical conclusions are as follows. Firstly, HSR significantly improves
the level of GI in enterprises, and the results are still stable after several robust checks.
Secondly, significant heterogenous effects exist in different enterprises and cities. Specially,
HSR has a greater impact on the improvement of GI in lightly polluting SOEs of developed
cities. Finally, the mechanism for HSR to improve GI is to promote the mobility of talent
and alleviate financing constraints on enterprises.

5.2. Policy Implications

Our conclusions show positive evidence for the relationship between HSR and enter-
prise’s GI, which offers significant policy implications for constructing HSR and enhanc-
ing GI.

Firstly, the government should further expand the network of HSR to fully leverage
its network effects, such as the mobility of capital, labors, and technology. It is widely
recognized that undeveloped cities lag behind developed cities in terms of resource endow-
ment, and the opening of HSRs have greater spillover effects on developed cities based
on our empirical results. Therefore, the government should attract innovative factors to
flow in these undeveloped cities to enlarge HSR's positive effect on GI by conducting
related policies.

Secondly, HSR has greater impact on the improvement of GI in lightly polluting indus-
tries, especially for tertiary industries, and thus, cross-industry innovation collaboration
based on HSR network is suggested to improve the level of GI in highly polluting industries.
Furthermore, HSR enhances the GI level of enterprises regardless of ownership, demon-
strating that HSR provides equitable development opportunities for different enterprises.

Finally, HSR reduces financing costs and information asymmetry for Gl in the financing
process and further improves the level of GI of enterprises. Based on this, local government
and enterprise should endeavor to enhance the environment of capital to alleviate the
financing constraints.
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Figure Al. Dynamic effects, excluding treatment effects.

Table A1l. Heterogeneity results based on S-A statistic.

ATT (Average Treatment Effect on the Treated) p-Value
0.058 0.001
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